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Solar  ultraviolet  radiation  and  X-rays  weakly  ionize  the  upper  atmospheric  constituents  to 
form  the  ionosphere  which  extends  from  an  altitude  of  about  60  km  to  several  thousand 
kilometers.  The  plasma  density  of  the  ionosphere  is  distributed  non-uniformly  in  several  layers, 
the  lowermost  D-region  being  formed  at  an  altitude  of  about  85  km,  the  intermediate  E-region  at 
about  100  km  and  the  F-region  extends  from  about  150  km  to  several  thousand  kilometers.  The 
bulk  of  the  ionospheric  plasma  resides  in  the  F-region,  which  attains  its  maximum  plasma 
density  at  attitudes  of  300  km.  In  the  presence  of  the  earth's  magnetic  field,  the  ionospheric 
plasma  becomes  magnetized.  From  the  point  of  view  of  radio  wave  propagation,  the  ionosphere 
is  thus  described  as  a  non-uniform,  weakly  ionized  magnetoactive  plasma. 

The  ionosphere  often  develops  electron  density  structures  which  cover  a  wide  range  of 
scalelengths  from  a  few  centimeters  to  several  thousand  kilometers  as  illustrated  in  Figure  1. 
The  large  scalelengths  are  induced  either  by  internal  forcing  functions,  such  as,  planetary  waves 
and  gravity  waves  or  external  forcing  functions  such  as  the  magnetospheric  electric  field  at  high 
latitudes.  The  small  scalelength  irregularities  of  electron  density  evolve  due  to  a  variety  of 
plasma  instabilities.  Figure  1  shows  that  the  wide  range  of  scalelengths  can  only  be  studied  by 
employing  a  variety  of  techniques,  namely,  the  coherent  and  incoherent  scatter  radar,  the 
digisonde,  the  scintillation  recording  systems,  as  well  as  the  rocket  and  satellite  in-situ  probes. 

In  the  present  paper  we  shall  concentrate  on  the  intermediate  scalelength  range  of  electron 
density  structures  which  are  often  called  electron  density  irregularities  due  to  their  random 
characteristics.  Transionospheric  propagation  of  radio  waves  are  markedly  affected  by  the  F- 
region  irregularities  since  the  electron  content  of  the  F-region  predominates  but,  on  occasions, 
the  E-region  irregularities  may  also  affect  the  propagation.  These  electron  density  irregularities 
impose  random  phase  fluctuations  across  the  wavefront  of  a  satellite  signal  that  traverses  the 
ionosphere.  The  emerging  wavefront  with  phase  fluctuations  develop  intensity  fluctuations 
during  its  propagation  to  the  ground  and,  as  a  result,  spatial  variations  of  intensity  and  phase 
develop  on  the  ground.  In  the  presence  of  a  relative  motion  between  the  satellite,  the  ionosphere 


and  the  observer  on  the  ground,  temporal  variations  of  intensity  and  phase,  known  as  intensity 
and  phase  scintillations  are  recorded  by  a  receiver  on  the  ground.  For  several  decades, 
ionospheric  scintillation  observations  have  been  made  on  a  global  scale  which  have  contributed 
greatly  to  our  understanding  of  the  morphology  of  intermediate  scale  electron  density 
irregularities  (Aarons,  1982;  Basu  and  Basu,  1981,  198S;  Basu  et  al.,  1988a).  The  theories  of 
weak  and  strong  ionospheric  scintillation  have  been  developed  in  the  framework  of  wave 
propagation  in  a  random  medium  (Tatarskii,  1961)  by  Rino  (1979, 1980)  and  Yeh  and  Liu  (1982 
and  references  therein). 

The  objective  of  the  present  paper  is  to  compare  the  electron  density  structures  observed  by 
satellite  in-situ  measurements  with  the  structure  of  scintillation  imposed  by  these  irregularities  on 
satellite  signals.  In  addition  the  plasma  instability  mechanisms  responsible  for  generating  these 
ionospheric  structures  are  discussed.  In  addition  to  the  naturally  occurring  electron  density 
irregularity  structures,  the  structure  of  scintillation  artificially  induced  by  ground-based  high- 
power  high-frequency  radio  waves  will  also  be  discussed.  The  plan  of  the  paper  is  as  follows.  In 
Section  1,  the  relationship  between  the  one-dimensional  irregularity  spectrum  obtained  from 
satellite  in-situ  measurements  and  scintillation  spectrum  induced  by  these  structures  will  be 
reviewed.  In  Section  2,  we  shall  discuss  the  characteristics  of  equatorial  F-region  electron 
density  structures  observed  in-situ  by  satellites  in  relation  to  the  scintillation  spectrum  and  the 
plasma  instability  mechanisms.  In  Section  3,  the  characteristics  of  scintillations  induced  by 
naturally  occurring  electron  density  irregularities  will  be  compared  with  those  artificially  induced 
by  high  power,  high  frequency  radio  waves.  In  Section  4,  the  characteristics  of  electron  density 
irregularity  structures  and  scintillation  in  the  high  latitude  ionosphere  in  the  context  of  plasma 
instability  mechanisms  will  be  examined.  Section  5  summarizes  the  results  discussed  in  the 
paper. 
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The  relationship  between  the  three-dimensional  electron  density  irregularity  power 
spectrum  and  phase  and  intensity  scintillation  spectrum  are  given  below.  These  were  established 
by  Cronyn  (1970). 

The  three-dimensional  wavenumber  ( k )  spectrum  of  electron  density  irregularities  with  a 
power  law  index  of  q  and  axial  ratios  a,  p  and  y  along  the  three  components  of  wavenumber  kx, 
Ky,  and  Kz  can  be  expressed  as 

^u(*)oe[*+(«*'i)2+(^«',)2+()«‘*)2]  q'2  (1) 


If  a  satellite-borne  electron  density  probe  scans  through  these  irregularities  in  the  x-direction 
with  a  velocity  (/,  the  temporal  one  dimensional  irregularity  spectrum  obtained  from  the  space 
probe  measurements  may  be  given  by 


\ \dKydKzFm(2nv/U,Ky,  vz) 


(2) 


The  corresponding  intensity  scintillation  spectrum  is 


/>( v)  =  2 n(reX)2(L / U)  j dKyF„&xv / U, Ky, 0)  3(2^v /U,Ky)  (4) 

— oo 

where  3(2jtv/£/,  Ky)  -  the  Fresnel  filter  function. 

Considering  Eqs.  (1)  to  (4),  the  high-frequency  asymptotes  of  the  spatial  spectrum  of  the 
electron  density  irregularities  and  the  temporal  spectra  of  phase  and  intensity  scintillations  should 
be  as  shown  in  Figure  2  for  q=4. 
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2.  EQUATORIAL  1-REGION  IRREGULARITIES  and  SCINTILLATION 

Figure  3  (Basu  et  al.,  1988a)  illustrates,  with  magnetic  coordinate  system,  the  global 
distribution  of  worst-case  scintillation  at  low  GHz  (L-band)  frequencies  during  the  solar 
maximum  and  minimum  conditions.  The  irregularities  of  electron  density  in  the  F-region  of  the 
ionosphere  cause  the  observed  scintillation.  During  the  solar  maximum  period,  scintillations  are 
much  enhanced  due  to  increased  background  ionization  density.  The  irregularity  amplitude 
(AN/N)  does  not  vary  much  with  variation  of  solar  activity,  but  the  background  ionization 
density  varies  by  at  least  a  factor  of  10  from  the  solar  maximum  to  the  minimum  period.  The 
diagram  shows  that  the  major  scintillation  activity  is  concentrated  around  the  magnetic  equator  in 
the  pre-midnight  period,  in  the  auroral  region  during  the  nighttime  period,  and  in  the  polar  region 
at  all  local  times. 

The  equatorial  F-region  irregularities  are  generated  by  the  Rayleigh-Taylor  instability 
mechanism  (Dungey,  1956;  Basu  et  al.,  1978;  Tsunoda,  1980,  1981;  Kelley,  1989)  after  sunset 
when  the  eastward  electric  field  is  enhanced.  The  irregularities  evolve  in  plume-like  structures 
(Woodman  and  LaHoz,  1976),  extend  in  altitude  to  more  than  1000  km  and,  being  field-aligned, 
encompass  a  nominal  latitude  range  of  ±15°  magnetic  latitude.  The  plumes  contain  irregularities 
in  the  scalelength  range  of  tens  of  kilometers  to  tens  of  centimeters.  Figure  4  shows  such  plume 
structures  being  detected  by  radar  backscatter  at  50  MHz  and  1.6  GHz  scintillations  at  the 
magnetic  equator. 

The  effect  of  these  field-aligned  plumes  on  scintillation  activity  is  much  enhanced  at  about 
15°N  and  15°S  magnetic  latitudes  since  the  background  ionization  density  is  enhanced  due  to  the 
transport  of  ionization  from  the  magnetic  equator.  Scintillation  measurements  performed  at  such 
locations  using  multi-frequency  transmissions  from  the  Marisat  satellite  indicate  (Figure  5)  that 
even  the  scintillation  index,  S4,  at  1.54  GHz  may  attain  a  saturated  level  of  1.2  (Basu  et  al., 
1987). 

The  satellite  in-situ  irregularity  data  acquired  by  the  Atmospheric  Explorer-E  satellite  at 
such  locations  of  intense  scintillation  activity  and  its  two  slope  (pi  =  -1.5  and  P2  =  -3.3)  spectrum 
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with  a  break  scalelength  of  750  m  are  illustrated  in  the  bottom  d  the  top  panels  of  Figure  o 
(Basu  et  al.,  1983).  A  detailed  description  of  Uu.  two  slope  irregularity  spectrum  obtained  from 
satellite  in-situ  measurements  may  be  obtained  in  the  forthcoming  publication  of  Livingston  and 
Dabbs  (1992).  Similar  two  slope  spectrum  has  been  observed  in  rocket  in-situ  irregularity 
measurements  (Rino  et  al.,  1981;  Kelley  et  al.,  1982).  Franke  and  Liu  (1983)  utilized  two-slope 
in-situ  irregularity  power  spectra  obtained  by  Basu  et  al.  (1983),  and  performed  simulation 
studies  to  obtain  multi-frequency  scintillation  spectra  (Figure  7).  Excellent  agreement  between 
the  observations  (Figure  5)  and  the  simulation  results  (Figure  7)  establishes  the  consistency 
between  the  in-situ  irregularity  spectrum  and  the  scintillation  spectrum  in  the  framework  of  the 
scattering  theory. 

Equatorial  irregularities  causing  scintillations  are  typically  distributed  over  a  layer  of  200- 
km  thickness  around  a  mean  altitude  of  350  km.  However,  on  occasions,  the  irregularities  which 
are  not  fully  developed,  become  confined  within  a  thin  layer  in  the  bottomside  F-region  and 
exhibit  sinusoidal  spatial  variations.  The  spatial  structure  and  the  spectrum  of  such  bottomside 
sinusoidal  structures  (Valladares  et  al.,  1983)  detected  by  AE-E  satellite  in  situ  measurements  are 
shown  in  the  top  panel  of  Figure  8.  The  bottom  panel  shows  that  the  corresponding  scintillation 
spectra  exhibit  Fresnel  oscillations  as  is  to  be  expected  in  the  case  of  weak  scattering  by  a  thin 
irregularity  layer.  It  should,  however,  be  noted  that  the  one-dimensional  irregularity  spectral 
index  of  5  indicated  in  the  top  panel  does  not  correspond  to  the  scintillation  spectral  index  of  2.4 
as  illustrated  in  the  bottom  panel. 
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3.  SCINTILLATIONS  INDUCED  bv  HI(iH-PQWER  HF  HEATERS 

The  F-rcgion  irregularities  may  also  be  artificially  induced  by  high  power  HF  waves 
commonly  called  heaters  (Hrukhimov  ct  al.,  1979;  Basu  et  al.,  1987b;  Frey  et  al.,  1984).  These 
artificial  irregularities  are  excited  by  thermal  forces  (Fejer,  1979)  in  contrast  to  the  natural 
irregularities  which  are  generated  by  either  homogeneous  or  inhomogeneous  electric  fields.  The 
artificial  irregularities  attain  their  maximum  amplitude  30  to  40  seconds  after  the  heater  is  turned 
on  and  are  quenched  within  one  or  two  minutes  after  the  heater  is  turned  off.  Figure  9  shows  the 
locus  of  the  250-km  subionospheric  point  of  the  ray  path  from  a  quasi-stationary  polar  beacon 
satellite  transmitting  at  250  MHz  through  the  heater  beam  of  the  Max-Planck  Institut  fur 
Aeronomie  at  Ramfjordmoen,  Norway.  The  HF  heater  was  operated  at  5.1  MHz  with  an 
effective  radiated  power  of  200  MW  and  was  cycled  10  min  on  and  10  min  off  The  top  and 
bottom  panels  of  Figure  10  show  the  intensity  and  phase  scintillation  spectra  during  the  fully 
deve'opcd  state  of  scintillation.  The  intensity  scintillation  index  corresponds  to  weak 
scintillations  with  S4  =0  12.  The  Fresnel  oscillations  are  very  evident  in  both  the  phase  and 
intensity  scintillation  spectra  and  the  Fresnel  minima  in  the  intensity  scintillation  spectra 
coincide  with  the  Fresnel  maxima  of  phase  scintillation  spectra.  It  indicates  that  the  heater 
generated  irregularities  are  confined  to  a  layer  with  thickness  less  than  50  km.  Model 
computations  indicate  that  the  irregularity  amplitude,  8n/n,  is  of  the  order  of  only  1  %. 
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Scintillations  at  latitudes  are  commonly  observed  in  the  nightside  auroral  oval  above 
65°  corrected  geomagnetic  latitude  (CGL)  and  within  the  polar  cap  located  between  75°CGL  and 
the  magnetic  pole.  In  the  auroral  oval,  scintillations  may  be  induced  by  irregularities  generated 
r  cally  by  auroral  particle  precipitation,  but  much  stronger  irregularity  structures  convected  from 
the  polar  cap  may  cause  very  intense  scintillations  (Tsunoda,  1988;  Basu  et  al.,  1991).  Within 
the  polar  cap,  the  interplanetary  magnetic  field  (IMF)  dictates  the  type  of  plasma  structures  that 
are  detected  there  (Buchau  et  al.,  1985;  Weber  et  al.,  1984, 1986).  These  authors  established  that 
during  a  southward  orientation  of  the  interplanetary  magnetic  field,  discrete  patches  of 
ionization,  1000  km  in  extent,  with  enhanced  ionization  density  of  the  order  of  1012  nr3  from 
midlatitudes  are  convected  into  the  polar  cap  and  then  move  in  an  antisunward  direction  and  may 
enter  the  nightside  auroral  oval.  On  the  other  hand,  when  the  IMF  is  northward,  plasma 
structures  oriented  parallel  to  the  noon-midnight  direction  develop  due  to  particle  precipitation 
and  move  in  the  dawn-dusk  direction  (Carlson,  1984).  The  influence  of  IMF  on  plasma 
structures  observed  within  the  polar  cap  is  schematically  illustrated  in  Figure  11.  Basu  et  al. 
(1988b)  showed  that  these  patches  of  ionization  develop  small  scale  irregularities,  which  cause 
intense  scintillations,  due  to  the  gradient  drift  instability  mechanism  as  illustrated  in  the  right- 
hand  panel  of  Figure  11.  The  bottom  diagram  of  the  right-hand  panel,  adapted  after  the 
numerical  simulation  results  of  Mitchell  et  al.  (1985),  shows  prominent  protrusions  or  "fingers" 
of  enhanced  density  growing  outward  from  the  boundary  opposite  to  the  direction  of  convection. 
At  non-linear  stages  of  development  of  the  instability,  the  entire  patch  of  ionization  gets 
structured.  On  the  other  hand,  the  left-hand  panel  of  Figure  1 1  shows  that  for  the  northward 
configuration  of  IMF,  plasma  gets  structured  at  the  edges  of  the  arc  due  to  velocity  shear 
instability.  The  bottom  panel,  adapted  after  Keskinen  et  al.  (1988)  illustrates  how  the  plasma 
gets  structured  by  collisional  Keivin-Helmholtz  instability  mechanism. 

The  electron  density  irregularity  structure  and  tts  spectrum  for  polar  cap  patches,  obtained 
from  DE-2  satellite  in-situ  measurements  of  electron  density  fluctuations  (Basu  et  al.,  1990a)  is 
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illustrated  by  Figure  12.  The  spectrum  shows  that  the  one-dimensional  irregularity  spectrum 
between  the  scalelength  range  of  10  km  to  250  m  can  be  described  by  a  spectral  index  of  -1.9. 
Phase  and  intensity  scintillation  spectra  for  such  patches  of  ionization  obtained  around  the  time 
of  the  in-situ  measurements  are  shown  in  Figure  13.  These  measurements  were  made  at  Thule, 
Greenland,  using  the  250-MHz  transmissions  from  the  polar  beacon  satellite.  The  phase  spectral 
slope,  which  is  expected  to  reflect  the  in-situ  spectra,  is  found  to  be  -2.8  in  good  agreement  with 
the  or>.,-: -dimensional  in-situ  spectral  slope  of  -1.9.  However,  this  agreement  is  an  exception 
ruher  than  the  rule  at  high  latitudes.  The  distribution  of  in-situ  density  irregularity  and  phase 
scintillation  spectral  slopes  shown  in  Figure  14  indicates  that  the  median  value  of  the  phase 
scintillauon  spectral  index  is  -2.3  whereas  for  the  one-dimensional  in-situ  density  irregularity 
spectrum  the  index  is  -1.9.  Such  discrepancies  have  been  examined  by  Wemik  et  al.  (1990)  in 
the  context  of  anisotropic  irregularity  spectra  and  geometry  of  observations.  It  should  be  noted 
that  the  patches  produce  very  intense  scintillation  primarily  because  the  ionization  density  is  so 
high.  The  major  portion  of  the  ionization  density  of  the  patches  is  not  locally  generated  but 
reflects  the  high  density  of  the  sub-auroral  ionosphere  which  is  convected  into  the  polar  cap. 

The  irregularities  in  the  arcs  generated  by  the  velocity  shear  instability  mechanism  have 
overall  spectral  slopes  similar  to  that  of  the  patches  as  shown  by  Basu  et  al.  (1990b).  However, 
the  power  spectral  density  of  shear  generated  irregularities  is  higher  at  short  scales  and  are  more 
efficient  in  causing  scintillations  in  the  VHF  range  as  established  by  Basu  et  al.  (1986).  In  spite 
of  this  increased  efficiency,  the  ionization  density  of  the  arcs,  being  locally  generated  by  particle 
precipitation,  is  usually  a  factor  of  5  less  than  the  patches  (Carlson  et  al.,  1984).  As  a  result, 
scintillations  caused  by  the  arcs  are  not  as  intense  as  that  caused  by  the  patches. 
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5.  SUMMARY 


Ionospheric  scintillation  studies  seem  to  be  based  on  a  solid  foundation  since  theoretical 
and  experimental  investigations  of  scintillations  have  been  well  coordinated  with  satellite  in-situ 
measurements  of  irregularity  structures  and  development  of  plasma  instability  theories 
generating  such  structures  in  the  ionosphere. 

Overall,  there  seems  to  be  good  agreement  between  satellite  in-situ  measurements  of 
ionospheric  structures,  numerical  simulation  and  field  measurements.  However,  there  remains 
discrepancies  between  in-situ  irregularity  and  scintillation  spectral  slopes  at  high  latitudes  and  at 
equatorial  latitudes  in  the  case  of  bottomside  sinusoidal  irregularities.  The  effects  of  anisotropic 
irregularity  spectrum  and  observing  geometry  as  discussed  by  Wemik  et  a!.  (1990)  need  to  be 
investigated  further. 
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Figure  1.  Variety  of  techniques  used  to  study  the  wide  range  of  scalelengths  of  electron 


Figure  2. 


Figure  3. 


Figure  4. 


Figure  5. 


Figure  6. 


Figure  7. 


density  structures. 

The  relationship  of  the  three-dimensional  electron  density  irregularity  spectrum,  the 
one-dimensional  irregularity  spectrum  from  space  probe  measurements,  and  the 
phase  and  intensity  scintillation  spectra. 

Global  variation  of  scintillation  fades  during  solar  maximum  and  solar  minimum 
conditions. 

(Top)  Temporal  variation  of  the  range  and  intensity  of  50-MHz  radar  backscatter 
observed  at  Jicamarca.  (Bottom)  Variation  of  the  amplitude  scintillation  index  (S4) 
of  1694-MHz  signals  from  the  geostationary  satellites  GOES-5  recorded  at  Ancon. 

A  3-min  data  segment  of  scintillations  observed  at  3954,  1541,  and  257  MHz  at 
Ascension  Island  and  their  respective  spectra. 

A  3-sec  sample  of  high  resolution  RPA  data  of  relative  amplitudes  obtained  on  AE- 
E  orbit  22759  on  Dec  17,  1979  (lower  panel).  The  upper  panel  shows  a  power 
spectrum  of  the  linearly  detrended  data  for  this  sample  obtained  by  the  FFT  (dots) 
and  maximum  entropy  (solid  line)  techniques. 

Multi-frequency  temporal  scintillation  spectra  computed  from  simulated 
scintillation  data  for  the  two-component  power-law  irregularity  spectrum  model 
(after  Franke  and  Liu,  1983). 
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Figure  8. 


Figure  9. 


Figure  10. 


Figure  1 1. 


Figure  12. 


Figure  13. 


Figure  14. 


The  top  panel  shows  the  spatial  structure  and  spectrum  of  a  3-sec  interval  of  RPA 
data  obtained  on  AE-E  orbit  22700  during  which  bottomside  sinusoidal  structures 
were  observed.  The  bottom  panel  shows  the  spectrum  of  LES-8  scintillation 
spectrum  observed  at  this  time  from  Huancayo,  Peru. 

Geometry  of  observations  indicating  the  half-power  beamwidth  (shaded  region)  of 
the  HF  heater  and  the  locus  of  intersection  of  the  ray  path  from  Tromso  to  the  polar 
beacon  satellite  with  250-km  ionospheric  height.  The  universal  times  are  marked 
alongside  the  subionospheric  track. 

The  intensity  and  phase  scintillation  spectra  during  the  full  developed  state  of 
scintillation  with  Fresnel  oscillations  indicated. 

Influence  of  Interplanetary  Magnetic  Field  (IMF)  on  plasma  structures  within  the 
polar  cap. 

Spectrum  of  one  8-sec  sample  of  (AN/N)rms  data  from  DE-2  satellite  on  March  8, 
1982. 

Spectra  of  rms  phase  deviation  (left  panel)  and  intensity  scintillation  index  S4  (right 
panel)  from  Thule  on  March  8,  1982. 

Histograms  of  (left  panel)  one-dimensional  in-situ  density  spectral  index,  pi,  and 
(right  panel)  phase  spectral  index,  p$. 
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